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Introduction 2 7
The global population is expected to increase to nine billion people by 2050 which 2 8 necessitates an increase in global food production of at least 60%, but likely as much as known whether the phenes correlate among the tillers. Given the importance of tillering for 1 0 0 wheat production, a more complete account of wheat root system architecture that quantifies 1 0 1 RSA among tillers is required. Here, a new phenomics approach is described for intensive 1 0 2 phenotyping of wheat root system architecture, investigating relations among tiller and main 1 0 3 shoot rooting phenes, and calculating heritabilities for root phenes that are important for soil 1 0 4 resource acquisition. We hypothesized root phenes would correlate among main shoot root 1 0 5 systems and tiller root systems and that measurements of main shoot root system phenes 1 0 6 would provide greater heritability than whole crown phenes. The germplasm consisted of two winter wheat parents, Rialto and Savannah, and 94 doubled-1 1 0 haploid lines developed from the F 1 cross (Atkinson et al., 2015) . Both parents are semi-1 1 1 dwarf (Rht-D1b, formerly Rht-2) UK winter wheat, and hard endosperm cultivars. Rialto is 1 1 2 suitable for some bread-making processes, and was bred by RAGT Ltd and released in 1995. Savannah is a feed wheat cultivar bred by Limagrain UK Ltd with high yield potential, and 1 1 4 released in 1998. The field site was at the University of Nottingham farm in Sutton Bonington, United Kingdom (52°50 N, 1°14 W). The experimental design was a randomized complete block 1 1 8 design with genotypes randomized within blocks and four replicates. Plots were 6 × 1.65 m 1 1 9 and planted with 320 seeds m -2 for a target spring density of 200 plants m -2 . The experiment 1 2 0 was planted on October 20, 2014. The soil was a sandy medium loam to 80 cm over Kyper 1 2 1 marl clay of the Dunnington Heath series. Two blocks were irrigated using drip tape, and the 1 2 2 other two were rainfed. For the current analyses, the water treatment was ignored as the 1 2 3 changes in root crown phene states were not substantial because of adequate rainfall. Root crowns were excavated approximately two weeks after anthesis on July 8-9, 2015. Several (four to eight) adjacent plants per plot were selected from an internal row based on 1 2 7 their uniform size and presence of neighbouring plants. A straight-edged spade with a width 1 2 8 of 15 cm was inserted directly adjacent to the neighbouring rows on either side of the focal 1 2 9 plants with the width of the blade parallel to the row. Insertion was completely perpendicular 1 3 0 to the ground. The focal plants and attached soil were lifted from the ground on the spade and 1 3 1 placed into a plastic bag taking care to not let the heavy soil tear off the fragile roots. Sample 1 3 2 bags with entire excavated plants were transported to a nearby washing station where roots 1 3 3 with attached soil were carefully lifted out of the bag and placed into 10 litre buckets filled 1 3 4 with water. The samples were left soaking in the water at least 10 minutes to allow the soil to 1 3 5 loosen. Following this, root crowns were gently moved back and forth in the water to 1 3 6 facilitate soil removal, then lifted out and sprayed with low pressure water from a hose to 1 3 7 remove the rest of the soil. The root crowns of each individual plant from the group 1 3 8 excavated form the plot were evaluated visually, then a single root crown of average overall 1 3 9 size and average root diameters was retained for subsequent analysis, while the others were 1 4 0 discarded. The root crowns were severed from the shoots close to the base, then root crowns 1 4 1 (with ca. 1 cm of the basal shoots attached; Figure. 1) were placed back in the bag for cold 1 4 2 storage at 5 ° C. sample ID. The whole root crown was imaged first, then split into the main shoot and tillers. The main shoot was identified by presence of the seminal root system and imaged next, followed by all tillers sorted by apparent size which is presumed to be indicative of the tiller 1 5 2 appearance order. A column was added to the resulting data set that included the plot number, 1 5 3 then results were compiled at the whole crown level based on aggregating within the plot. Images were analysed using a modified method from York and Lynch (2015) . A project for was created to allow the angles, numbers, and lengths of nodal roots to be measured from the all measured phenes. A polyline was used to measure the crown lengths of the outermost 1 6 0 roots and the seminal root length, and the angle was measured for the outermost crown roots 1 6 1 at approximately 5 cm depth by measuring the width then later calculating angle using 1 6 2 trigonometry and the actual depth measurement to where width was measured. For nodal root 1 6 3 number, each nodal root axis was manually annotated and the count recorded in an output Statistics were performed using R version 3.3.2. Root crowns were identified as those of the 1 7 0 whole crown, main shoot, and tillers based on their image order while having the same plot fixed effect using the lme4 package. For principal component analyses, data were centered and scaled using the scale function,
and then the prcomp function was used to conduct the principal component analysis (PCA).
8 1
Cronbach's α was used as a measure of internal consistency and was calculated using the 1 8 2 alpha function from the psych package. phenes, especially those related to root crown size, such as root system width and depth to 1 8 8 width ratio. Heritabilities ranged between 0 -0.52 and were generally greater for the whole 1 8 9 crown phenes (Table 2) . Correlations among root phenes were common, and especially 1 9 0 strong when correlating the same phenes of tillers to the main shoot ( Figure 3 ). Nodal root number of the whole crown ranged from 12 to 142 with an average of 38.8. The 1 9 3 main shoot had an average of 9 nodal roots with tillers 1, 2, and 3 having an average of 8.0, 1 9 4 7.0, and 6.5 nodal roots, respectively. The Pearson correlation was 0.19 (p < .001). between 1 9 5 nodal root numbers on the main shoot versus tiller 1, while the average inter-item correlation 1 9 6 of angles of the whole crown, main shoot, and tillers 1-3 was 0.28. Cronbach's α was used as 1 9 7 a measure of internal consistency of all these root numbers and was determined to be 0.66, analysis of these root numbers was used to uncover this construct, and the first component greater than the heritability for any single root number phene. based PC1 was 0.31, which was again greater than any single shoot root angle phene. and a heritability of 0.29, which was mostly influenced by root crown size-related phenes.
2 5 4
The heritabilities in this study are consistent with others (but often lower) for root system were lower in this study due to only one root crown being sampled per plot rather than 2 5 8 several, which may lead to greater variability. Therefore, we suggest sampling three or more properties are suitable for breeding programs, although the relation of these phenes to crop 2 6 1 productivity are not always known (Lynch, 1995) . Linking variation in root phenes to heritabilities, selection of total root number and shoot number could be prioritized. The relation of root system architecture among shoots in tillering species has not been well- pathways, linkage or pleiotropy, and trade-offs in allocation (Murren, 2002) . Few studies 2 9 0 consider these multivariate relations and underlying genetic drivers, yet they may have great 2 9 1 importance for root system function considering the complex integration of root phenes 
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